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ABSTRACT 
The seafood processing industry in New Zealand and worldwide generates a large amount of 
shell waste and currently the shell waste under-utilized. The possibility of producing a useful 
product from this shell wastes will greatly enhance and ensure sustainable economic 
development as well as the associated waste management problems. Therefore, as one possible 
solution, the overall objective of this study was to investigate the feasibility of mussel shells 
waste for the synthesis of hydroxyapatite, CaiO(P04)6(0H)2 (denoted as HAP) and other 
derivatives from mussel shells to act as photocatalyst in degradation of methylene blue and 
dehydroabietic acid in aqueous media via photocatalysis. 
In this study, a novel pyrolysis-wet slurry precipitation process from Perna Canaliculus (green-
lipped mussel) shells without pH and temperature control has been developed. The process of 
HAP synthesis involved crushing, calcination of shells into calcium oxide followed by a slurry 
wet precipitation method, where an aging time of five hours under nitrogen atmosphere was 
applied. Three different types of HAPs were produced in this study (As-HAP800, calcined at 
800 °C, no post heat treatment; As-HAP900, calcined at 900 °C, no post heat treatment; Ht-
HAP, calcined at 900°C, post heat treatment at 900 °C) and were compared to a commercial 
HAP from Sulzer Metco (Com-HAP). HAP with purity comparable to the commercial sample 
were obtained, as confirmed by X-ray Diffraction (XRD), Fourier Transform Infrared 
Spectroscopy (FTIR), Electron Dispersive X-ray Analysis (EDS) and Inductive Couple Mass 
Spectroscopy (ICP-MS). The results showed that the as-synthesised HAPs (As-HAP800 and 
As-HAP900) contained calcium carbonate (calcite) impurity which was mainly caused by 
incomplete calcination of the mussel shells. This impurity can be removed or reduced by the 
subsequent heat treatment of the HAP. 
The HAP synthesised in this work was used as a photocatalyst, testing two model wastewaters 
containing methylene blue and dehydroabietic acid respectively in a batch reactor. The effects 
of different HAP material properties (surface area, band gap energy and the existence of calcite 
impurities resulting from different calcination temperatures) on the photocatalytic activity and 
reaction mechanism were investigated for these model wastewaters. The methylene blue 
degradation pathway was found to be the same as that reported for other semiconductor 
photocatalysts, indicating that photocatalysis is most likely occurring with the HAP. Among 
the different forms of HAP studied, As-HAP800 showed the highest overall reaction rate (per 
unit mass of catalyst) followed by As-HAP900, Com-HAP and Ht-HAP. It was also found that 
the degradation rates for reaction at UV irradiation of 254 run showed higher overall reaction 
rates per unit mass of catalyst compared to the UV irradiation at 340 run, which is likely due 
to the higher energy associated with the 254 run UV irradiation. The kinetics for the reactions 
using As-HAP800 and As-HAP900 were well described by three first order reactions in series 
while Com-HAP and Ht-HAP followed a two-step series of first order kinetics. 
To determine the effect of residual unconverted raw materials in the HAP photocatalysts, the 
photocatalytic degradation of methylene blue using other calcium compounds derived from 
mussel shells was investigated. Raw shell powder (RS) and calcite (CS540: Calcined mussel 
shell powder at T=540 °C) were found to be able to degrade methylene blue but at a lower 
degradation rate compared to the HAP. The overall degradation rate showed by CaO (CS900: 
Calcined mussel shell powder at T=900 °C) was two orders of magnitude higher than those 
obtained using RS and CS540. However, it was found that the reaction with CS900 was not 
due to a photocatalytic reaction, but was caused by an oxidation reaction that was highly 
accelerated in the alkaline conditions during the dark period. 
For the photocatalytic degradation of dehydroabitic acid, three reaction intermediates were 
identified which were 7 -hydroxy-dehydroabietic acid, abietic acid and pimaric acid. The 
kinetics for the reactions were found to fit a pseudo-first-order reaction rate for both batch and 
annular reactors for all the HAP. A compari'Son of batch and annular reactors for the 
degradation of dehydroabietic acid showed that the overall reaction rates and photonic 
efficiency for the annular reactor was an order magnitude larger than the batch reactor which 
indicates that the annular reactor was more efficient at utilizing the UV light. However, there 
were no apparent differences in the mechanism of degradation. It was also found that in annular 
reactor, higher flow rate resulted in a higher reaction rate. Through this study, it was also found 
that the stability of the as-synthesised HAP was low which was due to to the dissolution of the 
HAP especially in the reaction with methylene blue. Therefore, the study on increasing the 
stability of HAP to act as a good photocatalyst was one of the recommendations to be included 
in the future work. 
Overall, it has been demonstrated that the new process of producing HAP used in this study 
therefore unlocks a route for recovering and recycling waste shells into HAP and other calcium 
compounds and its further application for environmental remediation- a potentially 'green' 
photocatalytic process. 
11 
DEDICATIONS 
To: 
MY HUSBAND, KHAIRULANUAR ABDULLAH, MY CHILDREN, 
IRFAN, ADAM & AMIR 
AND 
MY PARENTS, SHARIFFUDDIN ABD. KAHAR & YUNIAR 
MURAD 
111 
ACKNOWLEDGEMENTS 
'Praised be to the Almighty, the most Gracious and most Merciful' 
First and foremost, I would like to express a sincere gratitude to my supervisors; Dr. 
Darrell Alec Patterson and Assoc. Prof. Dr. Mark Ian Jones, for their constructive guidance, 
support, enthusiastic encouragement, useful critiques and words of motivation throughout the 
duration of this research study and moreover for the inspiration they have provided to ensure 
the completion ofthis work. For this, I will be eternally grateful. 
My study would have been impossible without the support and financial assistance of my 
sponsors: Ministry of Education of Malaysia (MOE) and Universiti Malaysia Pahang (UMP) for 
making my dream comes true and making my stay here in Auckland, New Zealand a pleasant and 
rewarding experience. Studying at The University of Auckland (UoA) was a fantastic opportunity 
and I remain forever indebted to them. 
My life at UoA required maximum effort and commitment but was made all the easier by 
a group of people surrounding me. I am truly blessed to have made acquaintance with helpful and 
understanding technicians- Allan Celendining, Peter Buchanan, Raymond Hoffman, Rick Coetzer, 
Laura Liang, Alec Asadov, Catherine Hobbis and Frank Wu at the Department of Chemical and 
Materials Engineering. Last but not least, to Jessie Mathew and Cecilia Lourdes, thank you for 
their assistance on administrative and financial matters. My special thanks go to all colleagues 
and friends at CHEMMAT (past and present). All of you made my stay at CHEMMAT a 
thoroughly memorable and a pleasurable experience. 
On a personal note, there were times when I wondered ifl could have survived this post 
graduate study without the love and encouragement of my family, especially my understanding 
and caring husband, Khairulanuar Abdullah, my children Irfan Danial, Adam Harris and Amir 
Sharif, my parents, and finally to my sisters, brothers, friends and colleagues for all their good 
wishes of encouragement and support over the last few years, which will always be 
remembered with deep gratitude. 
Jazakallahu khairan khathiran. 
IV 
CONTENTS 
Abstract ....................................................................................................................................... i 
Acknowledgements ................................................................................................................... iv 
Contents ............ ... .............. ...... ... .............. .... .... ........... ..... ....... ............................ ....... ............ ... v 
List of Figures ........................................................................................................................... ix 
List of Tables .......................................................................................................................... xiii 
Nomenclature ........................................................................................................................... xv 
Chapter 1 :INTRODUCTION ................................................................................................... I 
1.1 Utilising Waste Mussel Shells ......................................................................................... 1 
1.2 Project Objectives and Approaches .................................................................................. 2 
1.3 Outline ofThesis .............................................................................................................. 4 
Chapter 2: LITERATURE REVIEW ................. .............................. .. .. .... ........ ... ... .......... ......... 5 
2.1 Introduction ...................................................................................................................... 5 
2.2 Photocatalysis ................................................................................................................... 6 
2.2.1 Mechanism of Photocatalysis Reaction ..................................................................... 7 
2.2.2 Kinetics and Modelling ................................................................ ........ ................... 11 
2.2.3 Parameters Governing the Photocatalytic Reaction ................................................ 14 
2.3 Hydroxyapatite (HAP) ................................................................................................... 18 
2.3.1 Calcium Phosphate ................................................ ...... ....................... ... .................. 18 
2.3.2 Properties and Application of HAP ......................................................................... 20 
2.3.3 Substitution I Incorporation of Cations and Anions in HAP .. ............................ ..... 22 
2.3.4 HAP As Catalyst And Photocatalyst ....................................................................... 23 
2.3.5 Synthesis ofHAP ..................................................................................................... 26 
2.3.6 Synthesis of HAP Using Mussel Shells As Calcium Source .................................. 33 
2.4 Green Lipped Mussel Shells (Perna canaliculus) .......................................................... 3 5 
2.4.1 Shell Structure and Properties ................................................................................. 35 
2.5 Model Compounds ......................................................................................................... 36 
2.5.1 Methylene Blue ........................................................................................................ 36 
2.5.2 Dehydroabietic Acid .................................. ........... ...... .................. ........................... 39 
2.6 Implications of Literature ............................................................................................... 41 
Chapter 3 : MATERIALS AND METHODS ......................................................................... .42 
3 .1 Materials ......................................................................................................................... 4 2 
v 
3.2 Synthesis ofHydroxyapatite .......................................................................................... 42 
3 .2.1 Shell Preparation and Treatment ............................................................................ .44 
3.2.2 Calcination Reactions (Formation ofLime) ........................................................... .44 
3.2.3 Formation of Hydroxyapatite .................................................................................. 45 
3.3 Photocatalytic Experiments ......................................... ....... ............................................ 46 
3.3 .1 Photocatalytic Experiments In Batch Reactor ........................................................ .4 7 
3.3.2 Photocatalytic Degradation OfDHA In Batch And Annular Reactor.. .................. .49 
3.3.3 Photocatalytic Degradation OfDHA In An Annular Photoreactor ........................ .49 
3.4 Characterisation of Powder ............................................................................................ 51 
3.4.1Fourier Transforms Infrared Spectroscopy (FTIR) .................................................. 51 
3.4.2 X-ray Diffraction (XRD) ......................................................................................... 51 
3.4.3 Scanning Electron Microscopy (SEM) .................................................................... 52 
3.4.4 Particle Size Distribution Analysis .......................................................................... 52 
3 .4.5 Surface area measurement ....................................................................................... 52 
3.4.6 Band gap measurement ............................................ ................... ....................... ...... 53 
3.4.7 Thermogravimetric analysis (TGA) ........................................................................ 54 
3.4.8 Inductive Couple Mass Spectroscopy (ICP-MS) ..................................................... 54 
3.5 Analytical Method For The Photocatalytic Experiments ............................................... 55 
3.5.1 UV-Visible Spectrophotometer (UV-Vis) .......... ........................ ...... .................... ... 55 
3.5.2 High Performance Liquid Chromatography (HPLC) .............................................. 55 
3.5.3 Liquid Chromatography and Mass Spectroscopy (LC-MS) .................................... 56 
3.5.4 pH and Dissolved Oxygen Monitoring ............. ............ ....... ............ ......... ... ............ 56 
3.6 Kinetic Modelling .......................................................................................................... 51 
3.6.1 Overall Kinetic Modelling ....................................................................................... 57 
3.6.2 Kinetic Modelling In Annular Reactor .................................................................... 57 
3.6.3 Photon Flux Measurement ....................................................................................... 60 
Chapter 4: SYNTHESIS AND CHARACTERIZATION OF HYDROXYAPATITE .......... 61 
4.1 Introduction .................................................. ..... .............. ... ............. ............................... 61 
4.2 Calcination of Mussel Shells .......................................................................................... 61 
4.3 Formation of Calcium Hydroxide······ ·································· ··· ······················:················ 74 
4.4. Formation of HAP From The Shell-Derived Lime ....................................................... 78 
4.4.1 Overview ................................................................................................................. 78 
4.4.2 XRD and FTIR Analyses ......................................................................................... 79 
Vl 
4.4.3 ICP Analysis - Ca/P Ratio .......... .... .. ................. ....... .. ................... .... ...... ... ... .. ..... ... 82 
4.4.4 SEM Images ..... .. ...... ............ ..... .... .. .... ... ... ... .... ....... ........ ... .. ..... .... ... ................ .. .. ... 83 
4.5 Chapter Conclusion ......................... .. ............................. ..... ... ...... ........ .............. .... ... 87 
Chapter 5: INITIAL CHARACTERISATION OF THE PHOTOCATALYTIC 
DEGRADATION OF MB USING HAP AS THE PHOTOCATALYST .. ........ .............. .. .... . 89 
5.1 Introduction .................................. .... .... ................ ..... ...... ............ ....... .. ..... ............. ........ 89 
5.2 Comparisons of Different Types ofHAP On Photocatalytic Activity In The 
Degradation of MB In A Batch Reactor. ................................. ...... ..... ...... ..... ...... ................ . 89 
5.2.1 Characterisation of HAP As-Photocatalyst ........ ......................... ........... ....... ... .... ... 89 
5.2.2 Controls: Photolysis And Adsorption Experiments ....... ...... ....... .... .. .... ....... ... ... ...... 92 
5.2.3 Mass Transfer Limitation Studies ..... ........... ..... .......... .......... ..... .... ... ...... ........... ...... 93 
5.3 Effect of Synthesis Conditions of HAP on Photocatalytic Activity ....... ................ ... 95 
5.3 .1 Degradation Reaction Profiles .. .. .. ............... ...... ...... ....... ........ ..... ................ .... ..... ... 95 
5.3 .2. pH Trends .. ....... ........... ......... .... .. ......... ........ ...... ..... .... ................. .. ............. ... .. .... . 101 
5.3 .3 Effect of oxidant ......................................... ....... ........................ ............................ 106 
5.4 Reaction Intermediates and Product analysis Using HPLC and LC-MS .............. ....... 108 
5.4 .1 Overall implications ............ .... ... .......... ................... ... ...... .. ... .............. ........... .... ... 1 08 
5.4.2 Implications ofHPLC Identifications on The Effect of Type ofHAP .... .. ... ... ...... 111 
5.4.3 Implications ofHPLC Identifications on the effect of different UV wavelength .112 
5.4.4 Further Identification of Reaction Species - LCMS ...... ..... ... .. .... ..... ... ... ....... ... .... 112 
5.5 KINETIC ANALYSIS ... ..... .... ... .... ..... .... ....... .. .... ... ..... .... ....... .. .... ..... ....... ...... ..... ..... ... 114 
5.6 Reusability Study ....... ....... .... .. ..... .............. ......... ........ ..... .... .......... .... ................. ... ... ... 120 
5. 7 Chapter Conclusions ................................................................................................ .... 121 
Chapter 6: PHOTOCATALYTIC DEGRADATION OF MB USING DERIVATIVES 
FROM MUSSEL SHELLS AS PHOTOCATALYST .... .. .... ...... .. .... ... ....... ... ...... ... .... .. .. ..... . 124 
6.1 Introduction .......... ........................................ .............. .... ......... .. ... .... ..... ...... ........... ...... 124 
6.2 Photocatalytic Degradation ofMB with Different Calcium Compounds ............... ..... 124 
6.2.1 Characterization of Different Calcium Compounds Derived From Mussel Shells As 
Photocatalyst ............... ......... ....... ... .. ..... .. ......... .. .. ... .. .................... ........... ........ ... .... .... .. .. 124 
6.2.2 Degradation ofMB: Reaction Profiles, Morphology Changes And Ph ...... ....... ... 127 
6.3 Reaction Intermediates And Product Analysis Using HPLC And LC-MS .................. 134 
6.3 .1 Reaction Intermediates And Product Analysis Using HPLC And LC-MS ..... ... ... 134 
6.3.2 Species identification on reactions with RS and CS540 as photocatalysts .... .... .. . 135 
6.3.3 Species identification in the reactions with CS900 (CaO)- HPLC studies ........... 137 
Vll 
6.3.4 Further Identification Of Reaction Species On Reaction With CS900- LC-MS 
Studies ............................................................................................................................ 140 
6.4 Detailed Kinetic Analysis ............................................................................................. 145 
6.4.1Kinetic Fit Differences Between Different Types Of Calcium Compounds .......... 145 
6.5 Comparison of Photocatalytic Properties of CaC03, CaO and HAP ........................... 148 
6.6 Chapter Conclusions .................................................................................................... 149 
Chapter 7: PHOTOCATALYTIC DEGRADATION OF DEHYDROABIETIC ACID 
USING HAP AS PHOTOCATALYST ................................................................................. 152 
7.1 Introduction .................................................................................................................. 152 
7.2 Comparisons of different type of HAP on photocatalytic activity in batch reactor ..... 152 
7 .2.1 Characterisation of The HAP As Photocatalyst .................................................... 152 
7.2.2 Control Experiments ........................................................................................ 153 
7.2.3 Photocatalytic Degradation Experiments With Different Types ofHAP .............. 155 
7.3 Photocatalytic Degradation ofDHA In An Annular Reactor ...................................... 163 
7.3 .1 Control Experiments .............................................................................................. 163 
7.3.2 Comparison of Different Types ofHAP ................................................................ 165 
7.3 .3 Effect of Flow Rate .......................................................................................... 172 
7.4 Reaction Intermediates and Product Analysis Via LC-MS ..................................... ..... 174 
7.5 Comparison between Batch and Annular Reactor in The Photocatalytic Degradation of 
DHA ................................................................................................................................... 177 
7.6 Chapter Conclusions .................................................................................................... 181 
Chapter 8 : CONCLUSIONS AND FUTURE WORK ......................................................... 183 
8.1 Conclusions .................................................................................................................. 183 
8.2 Future Work ................................................................................................................ 187 
References .............................................................................................................................. 189 
Appendices ............................................................................................................................. 205 
Appendix A: BET Results For The Synthesised Powder.. ................................................ 205 
Appendix B: Malvern Particle Size Analysis Results For The Synthesised Powder. ........ 213 
Vlll 
LIST OF FIGURES 
Figure 2.1: Scheme illustrating (a) Band gap structure ofphotocatalyst; (b) Photoabsorption 
by transition of electrons in the VB to CB ..... ................... .... ......... .... .. .... ..... .. ..... ...................... 9 
Figure 2.2: Scheme of the photoactivation of a semiconductor (reproduced from [ 41 ]) . .... ... 1 0 
Figure 2.3 : Atomic arrangement ofCa1, Ca2, P04-3 and oH-1 groups in the hexagonal crystal 
structure of HAP projected along the c-axis. (Reproduced from [99]) ... ...... ..... ...... ................ 21 
Figure 2.4: Green lipped mussel shells .. ... .. ........ ....... ...... ... ...... .. ........................... ............... ... 35 
Figure 2.5: Proposed Photocatalytic MB ZnO photocatalysed reaction mechanism. 
(Reproduced from [195]) . ..................... .... ... .. ...... ..... ..... ... ....... ............................ ......... ........... 37 
Figure 2.6: Proposed Photocatalytic MB Ti02 photocatalysed reaction mechanism 
(Reproduced from [19]) ..... ....................... .. ... ........ .... ...... ... ...... .................... ..... ................ ...... 38 
Figure 2. 7: Structures of dehydroabietic acid (DHA) and of the degradation products (1-9) 
tentatively identified in aqueous DHA solutions exposed to UV254-radiation or simulated 
sunlight (300-800 nm) (reproduced from [23]) ............... ....... .. .... ... .. ... ... ...... .. .... .. .... ...... ....... .40 
Figure 3.1 : A schematic diagram of the steps involved for the preparation of HAP from 
mussel shells ........ ..... .. .. ....... ........ .. ... ........... ......... .. .. ...... ............... ... ........... .......... ...... .... ....... . 43 
Figure 3.2: HAP Experimental Set Up ....... .................. .......................... ........... ... .. .. ... ..... ...... .46 
Figure 3.3: (a) Photo of the stainless steel photoreactor enclosure with power supply on top 
and magnetic stirrer. (b) Schematic of the experimental set-up ofthe photoreactor, showing 
the oxygenated beaker used for the batch photocatalysis experiments ......... ..... .... ... ..... ......... .48 
Figure 3.4: Annular reactor experimental set-up: (a) Front view, (b) Rear view and (c) 
Process flow diagram . .... .. ....... ........ ..... ........ ....... .......... ...... .......... ..... ..... ... .................... .......... 50 
Figure 3.5 :Sample Set in the Integrating Sphere ........ .. .... ................... .. .. ..... ................ ...... ... 53 
Figure 3.6: Schematic diagram for the overall annular reactor system ........ ....... ...... ....... .... ... 57 
Figure 3.7: Cross-sectional profile of the plug flow through the annular reactor. ............... .. .. 58 
Figure 4.1 : TGA Data of Raw Mussel Shell .. .. ............ ....... ...... ............ ..... ...... .... ....... ..... ..... ... 65 
Figure 4.2: XRD patterns demonstrating the change in crystal structure and chemical 
composition of calcined mussel shell powder: (a) raw mussel shell (RS), (b) mussel shell 
calcined at 540 °C (CS540), (c) CS800 and (d) CS900 ......... ......... .............. ... .. ....... ......... ...... 67 
Figure 4.3: FTIR spectra of(a) RS, (b) calcium carbonate with 99.5% purity, (c) CS540, (d) 
CS800 and (e)CS900 ........ .... ...... ....... .... .... ...... ... ..... .. .. ....... ..... ... ... .. ... ... ... .. ........ .. .... .. ... ..... ...... 68 
Figure 4.4: SEM micrographs of different calcium compounds powder derived from mussel 
shells before photocatalysis: (a) raw mussel shells(RS), (b) CS540 and (c) CS900 ...... ........ 70 
Figure 4.5: EDS analysis on raw shell powder (RS) ...... ......... ..... ....... ... .............. ... ... ... .. .... ... 71 
Figure 4.6: EDS analysis on raw shell powder calcined at 540°C (CS540) .. .. ........ ..... ........ .. 72 
Figure 4.7: EDS analysis on raw shell powder calcined at 900°C (CS900) ..... ... ..... ..... ......... 73 
Figure 4.8 : Calcium hydroxide in solid suspension ... ...... .... ... ............ ......... .. .. .... ......... .. .. ....... 74 
Figure 4.9: FTIR spectra comparing (a) raw mussel shell (RS), (b) mussel shell calcined at 
900 °C (CS900) and (c) synthesised calcium hydroxide .... ...... ....... .... ......... ... .... ..... ..... .......... 75 
Figure 4.10 : XRD patterns of the synthesised calcium hydroxide . .... ........ ... .. ..... .. .. .... ...... .... 76 
Figure 4.11: SEM micrographs of calcium hydroxide ....... .... ..... .......... ...... ...... .... ......... ....... ... 77 
IX 
Figure 4.12: XRD patterns for four different types of HAP powders: (a) As-HAP800, (b) As-
HAP900, (c) Ht-HAP and (d) Com-HAP ................................ ......................... ........... ............ 79 
Figure 4.13: FTIR spectra for four different types of HAP powders: (a) As-HAP800, (b) As-
HAP900, (c) Ht-HAP and (d) Com-HAP ............. ................... ............... .. ............................... 80 
Figure 4.14: SEM micrographs of different HAP powders (a) As-HAP800, (b) As-HAP900, 
(c) Ht-HAP and (d) Com-HAP .. ... ...... .... .. .......... .... ... ............. ..... ...... ... .... ....... ..... ........ .... .... ... 84 
Figure 4.15: Particle size distributions of(a) raw shell(RS), (b) CS540, (c) CS800, (d) 
CS900, (e)As-HAP800, (f) As-HAP900, (g) Ht-HAP and (h) Commercial HAP powder. .... 86 
Figure 5.1 :Diffuse reflectance spectra of(a) As-HAP800, (b) As-HAP900, (c) Ht-HAP, (d) 
Com-HAP and (e) P25 powders .... ......... ... ..... ... .... .. ... ...... .......... ......... ........ ..... .......... ... .......... 91 
Figure 5.2 : Control experiments for MB ......... .. ... .. .. ..... ... ... .... ... .... ....... ................................. 92 
Figure 5.3 :Comparison of the degradation of the azo dye compounds from methylene blue 
and its reaction intermediates by photocatalysis at two different stirring speeds with 2.5 g/L 
As-HAP900 under oxygen rich conditions with concentrations measured using UV-vis 
spectroscopy ........... ............. .... ....................... .... ............ .... .......... .................. ....................... ... 95 
Figure 5.4: The effect ofUV wavelength (a) 254 nm and (b) 340 nm- on photocatalytic 
degradation of MB using the four different types of HAP with concentrations of MB 
measured using HPLC. ([HAP] = 2.5 g/L; [MB] = 5 mg/L; Stirring Speed = 300 rpm) . ... .... 96 
Figure 5.5 :Comparisons of the pre and post reaction photocatalyst powders by FTIR 
analysis: (a) As-HAP900; (b) As-HAP800; (c) Com-HAP and (d) Ht-HAP ... ........... ....... ... 103 
Figure 5.6: Post reaction photocatalyst powders by XRD analysis: (a) As-HAP800; (b) As-
HAP900; (c) Ht-HAP and (d) Com-HAP .. ......... .... .. .... .......... ...... ... ... .......... .. ....... .. ....... .. .... . 104 
Figure 5.7 :Comparisons of the pre and post reaction photocatalyst powders by FTIR 
analysis: (a & e) As-HAP800; (b & f) As-HAP900; (c & g) Com-HAP and (d & h) Ht-HAP . 
... ..... ... .......... .... .. ......... .. .. .... ....... ... .. ... .. ... .. ..... ... ... ..... .... .... .......... ................ .... ........... ...... ....... 105 
Figure 5.8 :Reaction profile comparison of the reaction intermediates from the photocatalytic 
degradation of methylene blue at UV irradiation of 254 nm obtained by HPLC ([HAP]= 2.5 
g/L; [MB] = 5 mg/L; Stirring Speed=300 rpm) .... .... ... ........ .... .. ........................ ....... ... .... ..... . 109 
Figure 5.9: Reaction profile comparison of the reaction intermediates from the photocatalytic 
degradation of methylene blue at UV irradiation of 340 nm obtained by HPLC ([HAP]= 2.5 
g/L; [MB] = 5 mg/L;Stirring Speed=300 rpm) . ..... ...... ....... ... ............. .. .... .. ............ .. ........ ..... 11 0 
Figure 5.10 : (a) LC-MS profile ofMB photocatalysed by As-HAP800 at UV irradiation of 
254 nm and mass spectra of the major detected intermediates for (b) Azure B; (c) Azure A, 
Azure C and Thionin ..... ... ........ .. .... .... .............. .. ..... ..... ... ...... ......... .. .... ....... .... .. .... ..... ..... .. ..... 113 
Figure 5.11 : Reaction rate analysis for the degradation of MB with the four different types of 
HAP under UV irradiation of254 nm: (a) As-HAP900,(b) As-HAP800, (c) Com-HAP and 
(d) Ht-HAP .. ..... .. ... .. ... ..... .... ... ... .. .. .... .... ....... .. ...... ... ............... ....... .. .......... ...... ............ ... .. .... .. 115 
Figure 5.12 : Reaction rate analysis for the degradation of MB with the four different types of 
HAP under UV irradiation of340 nm: (a) As-HAP900,(b) As-HAP800, (c) Com-HAP and 
(d) Ht-HAP ... ... ....... .. ..... .... ......... ......... .......... .... ... ........ ..... ... ............ .. ....... .... .. .... ... .... ..... ...... . 117 
Figure 5.13 : Reusability of the As-HAP800 in the photocatalysed degradation of 5mg.L - I 
MB under 02 rich conditions, where R1 denotes initial use of the photocatalyst and R2 denote 
the second reuse of the same photocatalyst respectively .. ....... .. .... .. ... ............ ........ ..... ..... .. ... 121 
X 
Figure 6.1 :Diffuse reflectance spectra of(a) RS, (b) CS540, (c) CS900 and (d) P25 powders . 
.... ..................................... .................. ............. ....... ........... ........................ .... .... ...... ......... ..... .. 126 
Figure 6.2: (a) Control experiments for MB; (b) Comparisons of the photocatalytic 
degradation of MB photocatalysed by different calcium compounds derived from mussel 
shells ([photocatalyst]= 2.5g/L; [MB] = 5mg/L; Stirring Speed = 300 rpm; UV wavelength= 
254 run). Concentrations determined by UV-Vis analysis .................................................... 128 
Figure 6.3 :(a) The post reaction solution ofMB with CS900 as catalyst and (b) The post 
reaction CS900 powder. .............. ............. ..... ..... .......... .... .... .. ................ ..... ..... ... .......... ......... 130 
Figure 6.4 : SEM micrographs on comparisons of the pre and post reaction powders of 
different calcium compounds derived from mussel shells: (a & b) RS; (c & d) CS540 and (e, f 
& g) CS900 . ................... ........................ ................................................. ........... .................... 131 
Figure 6.5: Post reaction photocatalyst powders by XRD analysis: (a) RS; (b) CS540 and (c) 
CS900 .................... .... ..... .................... ....... ........ ... ............. .... .... .... ............. ....................... ..... 133 
Figure 6.6 :Comparisons of the pre and post reaction powders by FTIR analysis: (a) RS; (b) 
CS540 and (c) CS900 ............................... ...... ....................... .... ..... ............... .... ... ............... ... 134 
Figure 6.7: Reaction profile comparison of the reaction intermediates from the photocatalytic 
degradation ofMB at UV irradiation of254 run obtained by HPLC; (a) photocatalyzed by RS 
and (b) photocatalyzed by CS540 ([catalyst]= 2.5g/L; [MB] = 5mg/L;Stirring Speed=300 
rpm) .... .. .... ........................ ............... .............. .................. ... ......... .. .... .... ................ .. ............... 136 
Figure 6.8: HPLC chromatogram ofMB: (a) using different calcium compounds at reaction 
time= 45min. ([catalyst]= 2.5g/L; [MB] = 5mg/L; Stirring Speed=300 rpm) .... ............. ..... 137 
Figure 6.9: HPLC chromatogram ofMB reaction intermediates with CS900 taken at 
different time interval ([catalyst]= 2.5g/L; [MB] = 5 mg/L; stirring Speed= 300 rpm) ...... 138 
Figure 6.10 : Reaction profile comparison of MB and the reaction intermediates from the 
photocatalytic degradation of MB at UV irradiation of 254 run photocatalyzed by CS900 
obtained by HPLC analysis ([catalyst]= 2.5g/L; [MB] = 5 mg/L; Stirring Speed=300 rpm) . 
........... ...... ...... ............... ..... ..... ..... .... ....... .......................... ......... .... ... .................. ....... ... ... ...... . 139 
Figure 6.11 :(a) LC-MS profile ofMB dye photocatalysed by CS900 from a sample taken at 
20 minutes of reaction time. Mass spectra of the major detected degradation intermediates 
eluting at (b) 4.34 min, (c) 4.06 min, (d) 3.82 min and (e) 0.44-0.86 min. ([CS900]= 2.5g/L; 
[MB] = 5mg/L; Stirring Speed= 300 rpm) ........... .... ....... ...... .. ................... ... ... ... .................. 141 
Figure 6.12: Tandem mass spectrum ofMB intermediate degradation product ion m/z 270.10 . 
..................................... ........................ ..... ................................ ......... ..... ... ....... ...... ... ......... .... 143 
Figure 6.13: Tandem mass spectrum ofMB intermediate degradation product ion m/z 257.07 . 
................................................................................................................................................ 143 
Figure 6.14: Scheme with intermediates proposed for the degradation ofMB by CS900 ... 144 
Figure 6.15 : Reaction rate analysis for the degradation of MB with two different types of 
calcium compounds; (a) RS and (b) CS540 ...... ........ ..... ........ .... ....... ... ....... ...... .... ... ........... ... 146 
Figure 6.16 : Reaction rate analysis for the degradation of MB with CS900 under UV 
irradiation of 254 run ................................. .................... .. ...................... .. ........ .......... ...... ...... 14 7 
Figure 6.17 : Experimental data fitted with the pseudo-first order model for the 1st region and 
zero model for the 2nd region in the degradation of MB with CS900 in batch reactor. ... ...... 14 7 
Figure 7.1 : Control experiments a) adsorption and b) photolysis in the batch reactor. ........ 155 
Xl 
Figure 7.2: Comparisons ofthe photocatalytic degradation ofDHA photocatalysed by 
different types of HAP in batch reactor ([photocatalyst]= 2.5 g/L; [DHA] = 7mg.L-1 ; Stirring 
Speed = 300 rpm; UV wavelength= 254 nm) ........................................................................ 156 
Figure 7.3 :Pseudo-first-order degradation plot ofDHA using various types ofHAP ......... 157 
Figure 7.4: Comparisons pre and post reaction photocatalyst powders by XRD analysis: (a) 
As-HAP800; (b) As-HAP900 and (c) Com-HAP .................................................................. 159 
Figure 7.5 : Comparisons pre and post reaction photocatalyst powders by FTIR analysis: (a) 
As-HAP800; (b) As-HAP900 and (c) Com-HAP .................................................................. 160 
Figure 7.6: Comparisons of the pre and post reaction photocatalyst powders by SEM 
analysis: (a & b) As-HAP800; (c & d) As-HAP900 and (e & f) Com-HAP ......................... 162 
Figure 7.7: Control experiments a) adsorption with 2.5 g/L of As-HAP900 and b) photolysis 
in the annular UV reactor. ...... ..................................................... .. ......................................... 164 
Figure 7.8: Comparison ofphotodegradation rate ofDHA solution using Com-HAP and As-
HAP900 ([photocatalyst]= 2.5 g/L; [DHA] = 7 mg.L-1 ; Stirring Speed = 300 rpm; UV 
wavelength= 254 nm; flowrate = 0.97 L.min-1) •••••••.•.•.•.••••.•..•.•.•....•.•.•..•.•.•.•.•.•.•.•.•.•....••..••• 165 
Figure 7.9: XRD patterns of(a) As-HAP900 before reaction and (b) after reaction ............ 167 
Figure 7.10: FTIR spectra of As-HAP 900 (a) before reaction and (b) after reaction .......... 168 
Figure 7.11 : FTIR spectra of commercial HAP (a) before reaction and (b) after reaction .. 169 
Figure 7.12: SEM micrographs comparing As-HAP900 (a) before (a) and (b) after reaction . 
................................................................................................................................................ 170 
Figure 7.13 : SEM micrographs comparing commercial HAP (a) before and (b) after reaction . 
................................................................................................................................................ 171 
Figure 7.14 : Comparison of photodegradation rate of DHA solution at two different flow 
rates ........................................................................................................................................ 173 
Figure 7.15: (a) LC-MS profile ofDHA photocatalysed by As-HAP900 in annular reactor 
taken at T= 45min. Mass spectra of the major detected degradation intermediates eluting at 
(b) 8.32 min, (c) 6.41-6.91 min and (d) 8.49-10.00 min. ([As-HAP900]= 2.5g/L; [DHA] = 
7mg/L; flow rate= 0.97 L.min-1) •• •. •••••••••••••••••••••••••••••••••••••••••••••••••••••••.•.•.••••••••.••.•.....•.•.•••••• 176 
Xll 
LIST OF TABLES 
Table 2.1: Band gap energy and Abg of various photocatalysts, reproduced from Bhatkhande 
et al. [ 42] .. .... .. .... .. .... .. .. ....... ......... ........ ............ ..................... ............................ ................. ....... .. 8 
Table 2.2: Properties of calcium phosphate compounds [73, 78, 79] . .............. ... .................... 19 
Table 2.3: Summary of Application ofHAP as photocatalyst. ................ ...................... .. ........ 24 
Table 2.4: Summary of Most Applied Techniques to Synthesize HAP ....... ................ .... .... ... 30 
Table 3.1: The seven different types of powders produced in this study ...... ..... ....... .... .. ....... .45 
Table 3.2: Analytical conditions for the band gap measurement ....... ............... ............. ... .... ... 54 
Table 4.1: ICP-MS analysis for the raw mussel shell powder (RS) ...... ....... ..... ....... ........ .. ..... 62 
Table 4.2: Summary of mass loss from raw shell and calcium carbonate with 99.5% purity .64 
Table 4.3 : Ca/P ratio of various types of HAP measured by ICP-MS analysis ... .. .......... ..... .. 82 
Table 4.4: Particle size distributions measured by Malvern Particle Size Analyzer and 
specific surface area (SSA) of powders measured by BET. ................. ...... ....................... ... ... 85 
Table 5.1: Physical properties of three different types of HAP ........... ....... ... ... ....................... 90 
Table 5.2: Band gap energy ofthe HAP powders ..... .......................... ....... ... ..... ....... ............. 91 
Table 5.3 : Summary of Reynolds Number, total percentage of removal, overall reaction rate 
on a mass basis ( -rA ·, mol.g-1s-1) and surface area basis (-rA " , mol.m-2s-1) for the 
photocatalysed degradation of azo dye at different stirring speeds within 24 hours of reaction 
time .............................. .... .. ........... ......... .... .... ........ ... ...... ...... .. .................. ...................... ....... .. 94 
Table 5.4 : Summary of performance characteristic on various types of HAPs for the 
photocatalysed degradation of 5 mg.L-1 MB under UV irradiation of254 nm . ........ ... ........... 97 
Table 5.5 : Summary of performance characteristic on various types ofHAPs for the 
photocatalysed degradation of 5 mg.L-1 MB under UV irradiation of 340 nm ...................... 98 
Table 5.6 : Summary of reaction rate constant on liquid volume basis (kapp: s·1) and catalyst 
mass basis (k'app: m3g-1s-1) for the photocatalysed degradation of 5mg L-1 MB under UV 
irradiation of 254 nm .... .. .................... ........ ... ............................ .. .......... ....... ...... .... .. ............. 118 
Table 5.7 : Summary ofreaction rate constant on liquid volume basis ( kapp: s·1) and catalyst 
mass basis (k'app: m3g-1s-1) for the photocatalysed degradation of 5mg L-1 MB under UV 
irradiation of 340 nm ......... ........... ...... ..... ........ ..... ...... .. ... ..... .... ........ .... ..... ...... ... .......... ......... 118 
Table 6.1 : Particle size distributions measured by Malvern Particle Size Analyzer, specific 
surface area (SSA) , pore volume and average pore diameter of powders measured by BET. 
... ...... .......... .... ............... .... .......................... ... ............. .......... .. ...... ............. .... .......... .... .... ...... . 125 
Table 6.2: Band gap energy ofthe powders ....................... ...... ..... ... ... ........... ...................... 127 
Table 6.3: pH of the MB solution before and after photocatalytic reaction . ............. .... ........ 129 
Table 6.4 : Summary of performance characteristic on various types of calcium compounds 
derived from mussel shells for the photocatalysed degradation of 5 mgL-1 MB under UV 
irradiation of 254 nm ...... ..... ....... .... ........ ......... ......... .... ....... ... ........... .......... ....... .. .......... ...... . 148 
Table 7.1 : Physical properties of three different types of HAP . ................ ...... .. ... ............. .... 153 
Table 7.2 : Summary of first order reaction rate constant on liquid volume basis ( k: s·1), 
catalyst mass basis (k': m3g-1s-1), surface area basis (k": m3m-2s-1) and the surface area ofthe 
catalyst for the photocatalysed degradation of 7 mgL·1 DHA under UV irradiation of 254 nm 
in the annular reactor. ..... ......... .... ............... ... ......... ..... .. ....... ... ...... ... ..... ... ........ ..... ...... .......... 15 8 
Xlll 
Table 7.3 : Summary of first order reaction rate constant on liquid volume basis ( k: s·1), 
catalyst mass basis (k': m3g·1s-1), surface area basis (k": m3m-2s-1) and the surface area ofthe 
catalyst for the photocatalysed degradation of7 mgL-1 DHA under UV irradiation of254 nm 
in annular reactor ................... ........ ... ...... ............. .... ..... .... ................ ...... ........... ..... .. ... .......... 166 
Table 7.4 : First-order rate constants for the photocatalytic degradation ofDHA solution 
using As-HAP900 at two different flow rates ........................................................................ 174 
Table 7.5: Structures ofDHA and of the degradation products I intermediates tentatively 
identified from the LC-MS analysis in the photocatalytic degradation ofDHA using As-
HAP900 .................................................................................................................................. 177 
Table 7.6: Comparison between volumetric rates of reaction in the batch and annular reactor. 
................................................................................................................................................ 178 
Table 7. 7 : Comparison between surface rates of reaction in the batch and annular reactor. 179 
Table 7.8 :Comparison between photonic efficiency in the batch and annular reactor. ....... 180 
XIV 
p 
Jl 
l 
c 
Co 
CINAR 
CouTAR 
d 
Eg 
h 
K 
kapp 
k'app 
k"app 
Q 
(-rA) 
(-rA~ 
(-rA·~ 
t 
u 
v 
z 
NOMENCLATURE 
Density of liquid (kg.m-3) 
Viscosity ofliquid (kg.m·1s-1) 
Light Wavelength (nm) 
Concentration (mol.m-3) 
Initial concentration (mol.m-3) 
Concentration of reactant entering the annular reactor (mol.m-3) 
Concentration of reactant leaving the annular reactor (mol.m-3) 
Length of the magnetic bar (m) 
Band gap energy ( e V) 
Planks Constant (J.s) 
Langmuir adsorption constant (m3.mol-1) 
Apparent Reaction Rate Constant on Volume Basis (s-1) 
Apparent Reaction Rate Constant on Mass Basis (m3g-1s-1) 
Apparent Reaction Rate Constant on Area Basis 
Volumetric flow rate (m3.s-1) 
Rate of reaction per unit volume of solution (mol.g-1s·1) 
Rate of reaction per unit mass of catalyst (mol.g-1s-1) 
Rate of reaction per unit surface of catalyst (mol.m-2s·1) 
Time (s) 
Velocity of the fluid flow through the reactor (m.s-1) 
Volume of reactor (m3) 
Path length of substance (m) 
XV 
REFERENCES 
I. A.N.Z. 'New Zealand aquaculture farm facts' . 2010 Accessed on lOth January 2011]; Available from : 
http://www.aguaculture.org.nzlaguaculture-in-nz/industry-overview/overview/. 
2. Burrell M., M.L., Munro S. , The New Zealand Aquaculture Strategy.Commissioned by the New 
ZealandAquaculture Council with assistance of the New Zealand Seafood Industry Council and the 
Ministry of Economic Development. Creative Design Advertising Limited, New Zealand, 2006. 
3. Currie, J.A., et al., A preliminary study of processing seafood shells for eutrophication control. Asia-
Pacific Journal of Chemical Engineering, 2007. 2(5): p. 460-467. 
4. Abeynaike, A., et al., Investigating the Potential of Using Mussel Shells for the Synthesis of 
Hydroxyapatite. Chemeca 2008 (36th: 2008: Newcastle, N.S.W.), 2008: p. 615-629. 
5. Zahouily, M., et al., Hydroxyapatite: new efficient catalyst for the Michael addition. Catalysis 
Communications, 2003 . 4(1 0): p. 521-524. 
6. Tsuchida, T., et al., Reaction of ethanol over hydroxyapatite affected by Ca!P ratio of catalyst. Journal 
of Catalysis, 2008 . 259(2): p. 183-189. 
7. Gross, K.A. and C.C. Berndt, Biomedical Application of Apatites. Reviews in mineralogy and 
geochemistry, 2002. 48(1 ): p. 631-672. 
8. Dorozhkin, S.V., Bioceramics of calcium orthophosphates. Biomaterials, 2010. 31(7): p. 1465-1485. 
9. Konstantinou, I.K. and T.A. Albanis, Ti02-assisted photocatalytic degradation of azo dyes in aqueous 
solution: kinetic and mechanistic investigations: A review. Applied Catalysis 8: Environmental, 2004. 
49(1): p. 1-14. 
I 0. Martinez-Huitle, C.A. and E. Brill as, Decontamination of wastewaters containing synthetic organic dyes 
by electrochemical methods: A general review. Applied Catalysis 8: Environmental, 2009. 87(3--4): p. 
105-145 . 
II. Gaya, U.I. and A.H. Abdullah, Heterogeneous photocatalytic degradation of organic contaminants over 
titanium dioxide: A review of fundamentals, progress and problems. Journal of Photochemistry and 
Photobiology C: Photochemistry Reviews, 2008 . 9(1): p. 1-12. 
12. Soon, A.N. and 8 .H. Hameed, Heterogeneous catalytic treatment of synthetic dyes in aqueous media 
using Fenton and photo-assisted Fenton process. Desalination, 2011. 269(1-3): p. 1-16. 
13. Akpan, U.G. and B.H. Hameed, Parameters affecting the photocatalytic degradation of dyes using Ti02-
based photocatalysts: A review. Journal of Hazardous Materials, 2009. 170(2-3): p. 520-529. 
14. Khataee, A.R. and M.8 . Kasiri, Photocatalytic degradation of organic dyes in the presence of 
nanostructured titanium dioxide: Influence of the chemical structure of dyes. Journal of Molecular 
Catalysis A: Chemical, 2010. 328(1-2): p. 8-26. 
15. Ali, A.M., E.A.C. Emanuelsson, and D.A. Patterson, Photocatalysis with nanostructured zinc oxide thin 
films: The relationship between morphology and photocatalytic activity under oxygen limited and oxygen 
rich conditions and evidence for a Mars Van Krevelen mechanism. Applied Catalysis 8: Environmental, 
2010. 97(1-2): p. 168-181. 
16. Ali, A.M., E.A.C. Emanuelsson, and D.A. Patterson, Conventional versus lattice photocatalysed 
reactions: Implications of the lattice oxygen participation in the liquid phase photocatalytic oxidation 
with nanostructured ZnO thin films on reaction products and mechanism at both 254&#xaO;nm and 
340&#xa0;nm. Applied Catalysis B: Environmental, 2011. 106(3--4): p. 323-336. 
189 
17. Rakovan, J., Growth and surface properties of apatite. Reviews in mineralogy and geochemistry, 2002. 
48(1): p. 51-86. 
18. AI - Qasas, N.S. and S. Rohani, Synthesis of Pure Hydroxyapatite and the Effect of Synthesis Conditions 
on its Yield, Crystallinity, Morphology and Mean Particle Size. Separation Science and Technology, 
2005. 40(15): p. 3187-3224. 
19. 
20. 
21. 
22. 
Houas, A., et al., Photocatalytic degradation pathway of methylene blue in water. Applied Catalysis B: 
Environmental, 2001. 31(2): p. 145-157. 
Ferreira-Leitao, V.S., J.G. da Silva, and E.P.S. Bon, Methylene blue and azure B oxidation by 
horseradish peroxidase: a comparative evaluation of class II and class III peroxidases. Applied Catalysis 
B: Environmental, 2003. 42(2): p. 213-221. 
Mills, A., An overview of the methylene blue ISO test for assessing the activities of photocatalytic films. 
Applied Catalysis B: Environmental, 2012. 128(0): p. 144-149. 
Werker, A.G. and E.R. Hall, Limitations for biological removal of resin acids from pulp mill effluent. 
Water Science and Technology, 1999. 40(11-12): p. 281-288. 
23. Corin, N.S., P.H. Backlund, and M.A. Kulovaara, Photolysis of the resin acid dehydroabietic acid in 
water. Environmental Science & Technology, 2000. 34(11): p. 2231-2236. 
24. Scott, J.P. and D.F. Ollis, Integration of chemical and biological oxidation processes for water treatment: 
Review and recommendations. Environmental Progress, 1995. 14(2): p. 88-103. 
25. Kuleyin, A., Removal of phenol and 4-chlorophenol by surfactant-modified natural zeolite. Journal of 
Hazardous Materials, 2007. 144(1-2): p. 307-315. 
26. Scott, M.J. and M.N. Jones, The biodegradation of surfactants in the environment. Biochimica et 
Biophysica Acta (BBA) - Biomembranes, 2000. 1508(1-2): p. 235-251. 
27. Guillard, C., et al., Comparison of various titania samples of industrial origin in the solar photocatalytic 
detoxification of water containing 4-chlorophenol. Catalysis Today, 1999. 54(2): p. 217-228. 
28. Hariharan, C., Photocatalytic degradation of organic contaminants in water by ZnO nanoparticles: 
Revisited Applied Catalysis A: General, 2006. 304(0): p. 55-61. 
29. Forgacs, E., T. Cserhati, and G. Oros, Removal of synthetic dyes from wastewaters: a review. 
Environment International, 2004. 30(7): p. 953-971. 
30. Rajeshwar, K., et al., Heterogeneous photocatalytic treatment of organic dyes in air and aqueous media. 
Journal of Photochemistry and Photobiology C: Photochemistry Reviews, 2008. 9( 4 ): p. 171-192. 
31. McKay, G., M. Otterburn, and A. Sweeney, The removal of colour from effluent using various 
adsorbents-111. Silica: rate processes. Water Research, 1980. 14(1): p. 15-20. 
32. Ramakrishna, K.R. and T. Viraraghavan, Dye removal using low cost adsorbents. Water Science and 
Technology, 1997. 36(2): p. 189-196. 
33. Kostamo, A., B. Holmbom, and J.V.K. Kukkonen, Fate ofwood extractives in wastewater treatment 
plants at kraft pulp mills and mechanical pulp mills. Water Research, 2004. 38(4): p. 972-982. 
34. Kostamo, A. and J.V.K. Kukkonen, Removal of resin acids and sterols from pulp mill effluents by 
activated sludge treatment. Water Research, 2003. 37(12): p. 2813-2820. 
35. Hoffmann, M.R., et al., Environmental applications of semiconductor photocatalysis. Chemical reviews, 
1995. 95(1): p. 69-96. 
190 
-·-----~-----------------· 
I 
-! 
I 
I 
36. Van Gerven, T., et al., A review of intensification of photocatalytic processes. Chemical Engineering and 
Processing: Process Intensification, 2007. 46(9): p. 781-789. 
3 7. Chong, M.N., et al., Recent developments in photocatalytic water treatment technology: A review. Water 
Research, 2010. 44(10): p. 2997-3027. 
38. Aronov, D., et al., Electronic states spectroscopy of hydroxyapatite ceramics. Journal of Materials 
Science: Materials in Medicine, 2007. 18(5): p. 865-870. 
39. Aronov, D., A. Karlov, and G. Rosenman, Hydroxyapatite nanoceramics: Basic physical properties and 
biointerface modification. Journal ofthe European Ceramic Society, 2007. 27(13-15): p. 4181-4186. 
40. Mills, A. and S. Le Hunte, An overview of semiconductor photocatalysis. Journal of Photochemistry and 
Photobiology A: Chemistry, 1997. 108(1): p. 1-35. 
41. Castello, G .K., Handbook of Photocatalysis: Preparation, Structure and Applications. 2009, New York: 
Nova Science Pub Incorporated. 
42. Bhatkhande, D.S., V.G. Pangarkar, and A.A.C.M. Beenackers, Photocatalytic degradation for 
environmental applications- a review. Journal of Chemical Technology & Biotechnology, 2002. 77(1): 
p. 102-116. 
43. Jean-Marie, H., Heterogeneous photocatalysis: fundamentals and applications to the removal of various 
types of aqueous pollutants. Catalysis Today, 1999. 53(1): p. 115-129. 
44. Jean-Marie, H., Photocatalysis fundamentals revisited to avoid several misconceptions. Applied 
Catalysis B: Environmental, 2010. 99(3-4): p. 461-468. 
45. de Lasa, H., B. Serrano, M.Salaices, Photocatalytic Reaction Engineering. 2005, New York: Springer-
Science. 
46. Mills, A., R.H. Davies, and D. Worsley, Water purification by semiconductor photocatalysis. Chern. Soc. 
Rev., 1993. 22(6): p. 417-425. 
47. Herrmann, J.-M., Heterogeneous photocatalysis: fundamentals and applications to the removal of 
various types of aqueous pollutants. Catalysis Today, 1999. 53(1): p. 115-129. 
48. Turchi, C.S. and D.F. Ollis, Photocatalytic degradation of organic water contaminants: mechanisms 
involving hydroxyl radical attack. Journal of Catalysis, 1990. 122(1 ): p. 178-192. 
49. Chakrabarti, S. and B.K. Dutta, Photocatalytic degradation of model textile dyes in wastewater using 
ZnO as semiconductor catalyst. Journal of Hazardous Materials, 2004. 112(3): p. 269-278. 
50. Ohtani, B., Preparing Articles on Photocatalysis&mdash;Beyond the Illusions, Misconceptions, and 
Speculation. Chemistry Letters, 2008. 37(3): p. 216-229. 
51. Ohtani, B., Photocatalysis A to Z-What we know and what we do not know in a scientific sense. Journal 
ofPhotochemistry and Photobiology C: Photochemistry Reviews, 2010. 11(4): p. 157-178. 
52. Koutsopoulos, S., Synthesis and characterization of hydroxyapatite crystals: A review study on the 
analytical methods. Journal of Biomedical Materials Research, 2002. 62(4): p. 600-612. 
53. Linsebigler, A.L., G. Lu, and J.T. Yates, Photocatalysis on Ti02 Surfaces: Principles, Mechanisms, and 
Selected Results. Chemical reviews, 1995. 95(3): p. 735-758. 
54. Tsukada, M., et al., Band gap and photocatalytic properties of Ti-substituted hydroxyapatite: 
Comparison with anatase-Ti02. Journal ofMolecular Catalysis A: Chemical, 2011. 338(1-2): p. 18-23. 
191 
~-------· 
55. Leary, R. and A. Westwood, Carbonaceous nanomaterialsfor the enhancement ofTi02 photocatalysis. 
Carbon, 2011. 49(3): p. 741-772. 
56. Kudo, A. and Y. Miseki, Heterogeneous photocatalyst materials for water splitting. Chemical Society 
Reviews, 2009. 38(1): p. 253-278. 
57. Qu, Y. and X. Duan, Progress, challenge and perspective of heterogeneous photocatalysts. Chemical 
Society Reviews, 2013.-42(7): p. 2568-2580. 
58. Ono, Y., et al., An aqueous synthesis of photocatalyst by selective dissolution of titanium 
oxide/hydroxyapatite composite. Ceramics International. In Press, Corrected Proof. 
59. Kabra, K., R. Chaudhary, and R.L. Sawhney, Treatment of Hazardous Organic and Inorganic 
Compounds through Aqueous-Phase Photocatalysis: A Review. Industrial & Engineering Chemistry 
Research, 2004. 43(24): p. 7683-7696. 
60. Lin, H. and K.T. Valsaraj, Development of an optical fiber monolith reactor for photocatalytic 
wastewater treatment. Journal of applied electrochemistry, 2005. 35(7-8): p. 699-708. 
61. Reddy, M.P., A. Venugopal, and M. Subrahmanyam, Hydroxyapatite photocatalytic degradation of 
calmagite (an azo dye) in aqueous suspension. Applied Catalysis B: Environmental, 2007. 69(3-4): p. 
164-170. 
62. Bell, L.C., A.M. Posner, and J.P. Quirk, The point of zero charge of hydroxyapatite and fluorapatite in 
aqueous solutions. Journal of Colloid and Interface Science, 1973. 42(2): p. 250-261. 
63. Tanaka, S. and U. Saha, Effects of pH on photocatalysis of 2, 4, 6-trichlorophenol in aqueous Ti02 
suspensions. Water Science and Technology, 1994. 30(9): p. 47-57. 
64. Behnajady, M.A., N. Modirshahla, and R. Hamzavi, Kinetic study on photocatalytic degradation of C.!. 
Acid Yellow 23 by ZnO photocatalyst. Journal ofHazardous Materials, 2006. 133(1-3): p. 226-232. 
65. Grzechulska, J. and A.W. Morawski, Photocatalytic decomposition of azo-dye acid black 1 in water over 
modified titanium dioxide. Applied Catalysis B: Environmental, 2002. 36(1): p. 45-51. 
66. Bandara, J., J. Mielczarski, and J. Kiwi, 1. Molecular mechanism of surface recognition. Azo dyes 
degradation on Fe, Ti, and AI oxides through metal sulfonate complexes. Langmuir, 1999. 15(22): p. 
7670-7679. 
67. Neppolian, B., et al., Photocatalytic degradation of textile dye commonly used in cotton fabrics. Studies 
in Surface Science and Catalysis, 1998. 113: p. 329-335. 
68. Ollis, D.F., E. Pelizzetti, and N. Serpone, Photocatalyzed destruction of water contaminants. 
Environmental Science & Technology, 1991. 25(9): p. 1522-1529. 
69. Stylidi, M., D.I. Kondarides, and X.E. Verykios, Visible light-induced photocatalytic degradation of Acid 
Orange 7 in aqueous TiO< sub> 2</sub> suspensions. Applied Catalysis B: Environmental, 2004. 
47(3): p. 189-20 I. 
70. Hofstadler, K., et al., New reactor design for photocatalytic wastewater treatment with Ti02 immobilized 
on fused-silica glass fibers: photomineralization of 4-chlorophenol. Environmental Science & 
Technology, 1994. 28(4): p. 670-674. 
71. Matthews, R.W. and S.R. McEvoy, Photocatalytic degradation of phenol in the presence ofnear-UV 
illuminated titanium dioxide. Journal of Photochemistry and Photobiology A: Chemistry, 1992. 64(2): p. 
231-246. 
72. Ambard, A.J. and L. Mueninghoff, Calcium phosphate cement: review of mechanical and biological 
properties. Journal ofProsthodontics, 2006. 15(5): p. 321-328. 
192 
----------------------------------------
73. Ferna'ndez, E., et al., Calcium phosphate bone cements for clinical applications. Part 1: Solution 
chemistry. Journal of Materials Science: Materials in Medicine, 1999. 10(3): p. 169-176. 
74. Raynaud, S., et al., Calcium phosphate apatites with variable Ca/P atomic ratio I. Synthesis, 
characterisation and thermal stability of powders. Biomaterials, 2002. 23(4): p. 1065-1072. 
75. Narasaraju, T.S.B. and D.E. Phebe, Some physico-chemical aspects of hydroxylapatite. Journal of 
Materials Science, 1996. 31(1): p. 1-21. 
76. Klein, C., et al., Biodegradation behavior of various calcium phosphate materials in bone tissue. Journal 
ofBiomedical Materials Research, 1983. 17(5): p. 769-784. 
77. Constantz, B.R., et al., Skeletal repair by in situ formation of the mineral phase of bone. Science, 1995. 
267(5205): p. 1796-1799. 
78. Dorozhkin, S.V. and M. Epple, Biological and Medical Significance of Calcium Phosphates. 
Angewandte Chemie International Edition, 2002. 41(17): p. 3130-3146. 
79. Uskokovic, V. and D.P. Uskokovic, Nanosized hydroxyapatite and other calciumphosphates: Chemistry 
of formation and application as drug and gene delivery agents. Journal ofBiomedical Materials Research 
Part B: Applied Biomaterials, 2011. 96B(l): p. 152-191. 
80. Xu, J., I.S. Butler, and D.F.R. Gilson, FT-Raman and high-pressure infrared spectroscopic studies of 
dicalcium phosphate dihydrate (CaHP04·2H20) and anhydrous dicalcium phosphate (CaHP04). 
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 1999. 55(14): p. 2801-2809. 
81. Fulmer, M. T. and P .W. Brown, Hydrolysis of dicalcium phosphate dihydrate to hydroxyapatite. Journal 
ofMaterials Science: Materials in Medicine, 1998. 9(4): p. 197-202, 
82. LeGeros, R., Preparation of octacalcium phosphate (OCP): A direct fast method. Calcified Tissue 
International, 1985. 37(2): p. 194-197. 
83. Brown, W.E., Octacalcium Phosphate and Hydroxyapatite: Crystal Structure of Octacalcium 
Phosphate. Nature, 1962. 196(4859): p. 1048-1050. 
84. Brown, W., M. Mathew, and M. Tung, Crystal chemistry of octacalcium phosphate. Progress in crystal 
growth and characterization, 1981. 4(1): p. 59-87. 
85. Yuan, H., et al., Bone formation induced by calcium phosphate ceramics in soft tissue of dogs: a 
comparative study between porous a-TCP and fJ-TCP. Journal of Materials Science: Materials in 
Medicine, 2001. 12(1): p. 7-13. 
86. Daculsi, G., et al., Transformation ofbiphasic calcium phosphate ceramics in vivo: ultrastructural and 
physicochemical characterization. Journal of Biomedical Materials Research, 1989. 23(8): p. 883-894. 
87. Wang, J., et al., Biological evaluation of biphasic calcium phosphate ceramic vertebral laminae. 
Biomaterials, 1998. 19(15): p. 1387-1392. 
88. Daculsi, G., Biphasic calcium phosphate concept applied to artificial bone, implant coating and 
injectable bone substitute. Biomaterials, 1998. 19(16): p. 1473-1478. 
89. Brown, W. and E.F. Epstein, Crystallography oftetracalcium phosphate. J Res Nat Bur Stand, 1965. 69: 
p. 547-51. 
90. Elliott, J.C., Structure and chemistry of the apatites and other calcium orthophosphates. Vol. 4. 1994: 
Elsevier Amsterdam. 
193 
91. Islam, M., P. Chandra Mishra, and R. Patel, Physicochemical characterization of hydroxyapatite and its 
application towards removal of nitrate from water. Journal ofEnvironmental Management, 2010. 91(9): 
p. 1883-1891. 
92. Wang, P., et al., Effects of synthesis conditions on the morphology of hydroxyapatite nanoparticles 
produced by wet chemical process. Powder Technology, 20 I 0. 203(2): p. 315-321. 
93. Mostafa, N.Y., Characterization, thermal stability and sintering of hydroxyapatite powders prepared by 
different routes. Materials Chemistry and Physics, 2005. 94(2-3): p. 333-341. 
94. Yamashita, K., K. Kitagaki, and T. Umegaki, Thermal instability and proton conductivity of ceramic 
hydroxyapatite at high temperatures. Journal of the American Ceramic Society, 1995. 78(5): p. 1191-
1197. 
95. Reisner, I. and W. Klee, Temperature dependence of the v (OH) bands of hydroxyapatites. 
96. 
Spectrochimica Acta Part A: Molecular Spectroscopy, 1982. 38(8): p. 899-902. 
Van Rees, H., M. Mengeot, and E. Kostiner, Monoclinic-hexagonal transition in hydroxyapatite and 
deuterohydroxyapatite single crystals. Materials Research Bulletin, 1973. 8(11): p. 1307-1309. 
97. Takahashi, H., et al., A differential scanning calorimeter study of the monoclinic(< i> P</i> 2< sub> 
1 </sub>/< i> b</i> J~ hexagonal (< i> P<li> 6< sub> 3</sub>/< i> m<li>) reversible phase 
transition in hydroxyapatite. Thermochimica Acta, 2001. 371(1): p. 53-56. 
98. Hitmi, N., C. LaCabanne, and R. Young, OH< sup>-</sup> dipole reorientability in hydroxyapatites: 
Effect of tunnel size. Journal of Physics and Chemistry of Solids, 1986. 47(6): p. 533-546. 
99. Shi, D., Introduction to biomaterials. 2006, China: Tsinghua University Press and World Scientific 
Publishing Co.Pte.Ltd. 253. 
100. 
101. 
Suchanek, W. and M. Yoshimura, Processing and properties of hydroxyapatite-based biomaterials for 
use as hard tissue replacement implants. Journal of Materials Research, 1998. 13(01): p. 94-117. 
Itokazu, M., et al., Synthesis of antibiotic-loaded interporous hydroxyapatite blocks by vacuum method 
and in vitro drug release testing. Biomaterials, 1998. 19(7-9): p. 817-819. 
102. Paul, W. and C. Sharma, Development of porous spherical hydroxyapatite granules: application towards 
protein delivery. Journal ofMaterials Science: Materials in Medicine, 1999. 10(7): p. 383-388. 
103. Paul, W. and C.P. Sharma, Ceramic drug delivery: a perspective. Journal ofbiomaterials applications, 
2003. 17(4): p. 253-264. 
104. Bailliez, S., et al., Removal of lead (Ph) by hydroxyapatite sorbent. Process Safety and Environmental 
Protection, 2004. 82(2): p. 175-180. 
105. Barka, N., et al., Adsorption of Disperse Blue SBL dye by synthesized poorly crystalline hydroxyapatite. 
Journal ofEnviromnental Sciences, 2008. 20(10): p. 1268-1272. 
106. Bigi, A., E. Boanini, and K. Rubini, Hydroxyapatite gels and nanocrystals prepared through a sol-gel 
process. Journal of Solid State Chemistry, 2004. 177(9): p. 3092-3098. 
107. Matsumoto, T., et al., Hydroxyapatite particles as a controlled release carrier of protein. Biomaterials, 
2004. 25(17): p. 3807-3812. 
108. Gittings, J.P., et al., Electrical characterization of hydroxyapatite-based bioceramics. Acta 
Biomaterialia, 2009. 5(2): p. 743-754. 
109. Mahabole, M., et al., Synthesis, characterization and gas sensing property of hydroxyapatite ceramic. 
Bulletin of Materials Science, 2005. 28(6): p. 535-545. 
194 
- I 
I 
I 
110. Pratap Reddy, M., A Venugopal, and M. Subrahmanyam, Hydroxyapatite-supported Ag-Ti02 as 
Escherichia coli disinfection photocatalyst. Water Research, 2007. 41(2): p. 379-386. 
111. Laurencin, D., et al., Magnesium incorporation into hydroxyapatite. Biomaterials, 2011. 32(7): p. 1826-
1837. 
112. Bertoni, E., et al., Nanocrystals of magnesium and fluoride substituted hydroxyapatite. Journal of 
inorganic biochemistry, 1998. 72(1): p. 29-35. 
113. Matsunaga, K., First-principles study of substitutional magnesium and zinc in hydroxyapatite and 
octacalcium phosphate. The Journal of chemical physics, 2008. 128(24): p. 245101. 
114. Ziani, S., S. Meski, and H. Khireddine, Characterization of Magnesium -Doped Hydroxyapatite 
Prepared by Sol -Gel Process. International Journal of Applied Ceramic Technology, 2014. 11(1): p. 
83-91. 
115. Kalita, S.J. and H.A. Bhatt, Nanocrystalline hydroxyapatite doped with magnesium and zinc: Synthesis 
and characterization. Materials Science and Engineering: C, 2007. 27(4): p. 837-848. 
116. Morrissey, R., L. Rodriguez-Lorenzo, and K. Gross, Influence of ferrous iron incorporation on the 
structure of hydroxyapatite. Journal of Materials Science: Materials in Medicine, 2005. 16(5): p. 387-
392. 
117. Tang, Y., et al., Zinc incorporation into hydroxylapatite. Biomaterials, 2009. 30(15): p. 2864-2872. 
118. Bigi, A, et al., Strontium-substituted hydroxyapatite nanocrystals. Inorganica Chimica Acta, 2007. 
360(3): p. 1009-1016. 
119. Schoenberg, H.P., Extent of strontium substitution for calcium in hydroxyapatite. Biochimica et 
Biophysica Acta, 1963. 75(0): p. 96-103. 
120. Zhang, W., et al., Effects of strontium in modified biomaterials. Acta Biomaterialia, 2011. 7(2): p. 800-
808. 
121. Nelson, D., The influence of carbonate on the atomic structure and reactivity of hydroxyapatite. Journal 
of dental research, 1981. 60(3 suppl): p. 1621-1629. 
122. Gibson, I.R. and W. Bonfield, Novel synthesis and characterization of anAB-type carbonate-substituted 
hydroxyapatite. Journal ofBiomedical Materials Research, 2002. 59(4): p. 697-708. 
123. Bigi, A., et al., Chemical and structural characterization of the mineral phase from cortical and 
trabecular bone. Journal of inorganic biochemistry, 1997. 68(1): p. 45-51. 
124. Hasegawa, M., Y. Doi, and A Uchida, Cell-mediated bioresorption of sintered carbonate apatite in 
rabbits. Journal ofBone & Joint Surgery, British Volume, 2003. 85(1): p. 142-147. 
125. LeGeros, R.Z., et al., Two types of carbonate substitution in the apatite structure. Experientia, 1969. 
25(1): p. 5-7. 
126. LeGeros, R.Z. and J.P. LeGeros, Dense hydroxyapatite. Adv. Ser. Ceram., 1993. 1: p. 139-80. 
127. Boucetta, C., et al., Oxidative dehydrogenation of propane over chromium-loaded calcium-
hydroxyapatite. Applied Catalysis A: General, 2009. 356(2): p. 201-210. 
128. Khachani, M., et al., Iron-calcium-hydroxyapatite catalysts: Iron speciation and comparative 
performances in butan-2-ol conversion and propane oxidative dehydrogenation. Applied Catalysis A: 
General, 2010. 388(1-2): p. 113-123. 
195 
--~-~----------~--------------------~-------------------------------· 
129. 
130. 
Sun, Y.-P., et al., Complete hydrogenation of quinoline over hydroxyapatite supported ruthenium 
catalyst. Catalysis Communications, 2010. 12(3): p. 188-192. 
Solhy, A., et al., Efficient synthesis of chalcone derivatives catalyzed by re-usable hydroxyapatite. 
Applied Catalysis A: General, 2010. 374(1-2): p. 189-193. 
131. Jun, J .H., et al., Nickel-calcium phosphate/hydroxyapatite catalysts for partial oxidation of methane to 
syngas: characterization and activation. Journal ofCatalysis, 2004. 221(1): p. 178-190. 
132. 
133. 
134. 
Dominguez, M.l., et al., Gold/hydroxyapatite catalysts: Synthesis, characterization and catalytic activity 
to CO oxidation. Applied Catalysis B: Environmental, 2009. 87(3-4): p. 245-251. 
Zhang, Y., et al., A magnetically recyclable heterogeneous catalyst: Cobalt nano-oxide supported on 
hydroxyapatite-encapsulated [gamma]-Fe203 nanocrystallitesfor highly efficient olefin oxidation with 
H202. Catalysis Communications, 2008. 10(2): p. 237-242. 
Liu, Y., et al., Enhanced adsorption and visible-light-induced photocatalytic activity of hydroxyapatite 
modified Ag-Ti02 powders. Applied Surface Science, 2010. 256(21 ): p. 6390-6394. 
135. Joseph Nathanael, A., et al., Mechanical and photocatalytic properties of hydroxyapatite/titania 
nanocomposites prepared by combined high gravity and hydrothermal process. Composites Science and 
Technology, 2010. 70(3): p. 419-426. 
136. Hu, A., et al., Preparation and characterization of a titanium-substituted hydroxyapatite photocatalyst. 
137. 
Journal of Molecular Catalysis A: Chemical, 2007. 267(1-2): p. 79-85. 
Ji, S., et al., Fabrication of titanialhydroxyapatite composite granules for photo-catalyst. Materials 
Research Bulletin, 2009. 44(4): p. 768-774. 
138. Wakamura, M., et al., Surface structure and visible light photocatalytic activity of titanium-calcium 
hydroxyapatite modified with Cr (Ill). Advanced Powder Technology, 2011. 22(4): p. 498-503. 
139. Nishikawa, H., A high active type of hydroxyapatite for photocatalytic decomposition of dimethyl sulfide 
under UVirradiation. J. Mol. Catal. A: Chern., 2004. 207(2): p. 149-153. 
140. Nishikawa, H., Surface changes and radical formation on hydroxyapatite by UVirradiationfor inducing 
photocatalytic activation. Journal ofMolecular Catalysis A: Chemical, 2003. 206(1-2): p. 331-338. 
141. Nishikawa, H., PHOTO-INDUCED CATALYTIC ACTIVITY OF HYDROXYAPATITE BASED ON 
PHOTO-EXCITATION. Phosphorus Research Bulletin, 2007. 21: p. 97-102. 
142. Nishikawa, H., Radical generation on hydroxyapatite by UV irradiation. Materials Letters, 2004. 58(1-
2): p. 14-16. 
143. 
144. 
Nishikawa, H. and K. Omamiuda, Photocatalytic activity of hydroxyapatite for methyl mercaptane. 
Journal of Molecular Catalysis A: Chemical, 2002. 179(1-2): p. 193-200. 
Tanaka, H., et al., FTIR studies of adsorption and photocatalytic decomposition under UV irradiation of 
dimethyl sulfide on calcium hydroxyapatite. Advanced Powder Technology, 2012. 23(1): p. 115-119. 
145. Sheng, G., L. Qiao, andY. Mou, Preparation ofTiO 2/hydroxyapatite composite and its photocatalytic 
degradation of methyl orange. Journal ofEnvironmental Engineering, 2011. 137(7): p. 611-616. 
146. Li, H., et al., Dispersion of carbon nanotubes in hydroxyapatite powder by in situ chemical vapor 
deposition. Materials Science and Engineering: B, 2010. 166(1): p. 19-23. 
147. Liptakova, B., M. Hronec, and Z. Cvengrosova, Direct synthesis of phenol from benzene over 
hydroxyapatite catalysts. Catalysis Today, 2000. 61(1-4): p. 143-148. 
196 
----------~-----------------·-
~I 
------------------
148. Kibby, C. and W.K. Hall, Studies of acid catalyzed reactions: XII. Alcohol decomposition over 
hydroxyapatite catalysts. Journal of Catalysis, 1973. 29(1): p. 144-159. 
149. Resende, N.S., M. Nele, and V.M.M. Salim, Effects of anion substitution on the acid properties of 
hydroxyapatite. ThermochimicaActa, 2006. 451(1-2): p. 16-21. 
150. Elazarifi, N., et a!., Kinetic study of the condensation of benzaldehyde with ethylcyanoacetate in the 
presence of Al-enrichedjluoroapatites and hydroxyapatites as catalysts. Applied Catalysis A: General, 
2004. 267(1): p. 235-240. 
151. Matsumura, Y., H. Kanai, and J.B. Moffat, Catalytic oxidation of carbon monoxide over stoichiometric 
and non-stoichiometric hydroxyapatites. Journal of the Chemical Society, Faraday Transactions, 1997. 
93(24): p. 4383-4387. 
152. Monma, H., Catalytic behavior of calcium phosphates for decompositions of 2-propanol and ethanol. 
Journal of Catalysis, 1982. 75(1): p. 200-203. 
153. Anmin, H., et a!., Preparation of nanocrystals hydroxyapatite/Ti02 compound by hydrothermal 
treatment. Applied Catalysis B: Environmental, 2006. 63(1-2): p. 41-44. 
154. Mitsionis, A., et a!., Hydroxyapatite/titanium dioxide nanocomposites for controlled photocatalytic NO 
oxidation. Applied Catalysis B: Environmental, 2011. 106(3---4): p. 398-404. 
155. Kweh, S.W.K., K.A. Khor, and P. Cheang, The production and characterization of hydroxyapatite (HA) 
powders. Journal of Materials Processing Technology, 1999. 89-90: p. 373-377. 
156. Bogdanoviciene, I., et a!., Calcium hydroxyapatite, Cal O(P04)6(0H)2 ceramics prepared by aqueous 
sol-gel processing. Materials Research Bulletin, 2006. 41(9): p. 1754-1762. 
157. Wang, Y., eta!., Hydrothermal synthesis of hydroxyapatite nanopowders using cationic surfactant as a 
template. Materials Letters, 2006. 60(12): p. 1484-1487. 
158. Arce, H., et a!., Effect of pH and temperature on the formation of hydroxyapatite at low temperatures by 
decomposition of a Ca-EDTA complex. Polyhedron, 2004. 23(11): p. 1897-1901. 
159. Martinetti, R., L. Dolcini, and C. Mangano, Physical and chemical aspects of a new porous 
hydroxyapatite. Analytical and Bioanalytical Chemistry, 2005. 381(3): p. 634-638. 
160. Mobasherpour, I., et a!., Synthesis of nanocrystalline hydroxyapatite by using precipitation method 
Journal of Alloys and Compounds, 2007. 430(1-2): p. 330-333. 
161. Padmanabhan, S.K., et a!., Sol-gel synthesis and characterization of hydroxyapatite nanorods. 
Particuology, 2009. 7(6): p. 466-470. 
162. Kothapalli, C., et a!., lrifluence of temperature and concentration on the sintering behavior and 
mechanical properties of hydroxyapatite. Acta Materialia, 2004. 52(19): p. 5655-5663. 
163. Liu, D.-M., T. Troczynski, and W.J. Tseng, Water-based sol-gel synthesis of hydroxyapatite: process 
development. Biomaterials, 2001. 22(13): p. 1721-1730. 
164. Rodriguez-Lorenzo, L. and M. Vallet-Regi, Controlled crystallization of calcium phosphate apatites. 
Chemistry of materials, 2000. 12(8): p. 2460-2465. 
165. Honda, T., eta!., Post-composition control a/hydroxyapatite in an aqueous medium. Journal ofMaterials 
Science: Materials in Medicine, 1990. 1(2): p. 114-117. 
166. Liu, C., eta!., Kinetics of hydroxyapatite precipitation at pH 10 to 11. Biomaterials, 2001. 22(4): p. 301-
306. 
197 
I 
I 
167. Zhu, R., eta!., Morphology control of hydroxyapatite through hydrothermal process. Journal of Alloys 
and Compounds, 2008. 457(1-2): p. 555-559. 
168. Yoshimura, M., et al., Hydrothermal synthesis ofbiocompatible whiskers. Journal of Materials Science, 
1994. 29(13): p. 3399-3402. 
169. Wang, J. and L.L. Shaw, Synthesis of high purity hydroxyapatite nanopowder via sol-gel combustion 
process. Journal of Materials Science: Materials in Medicine, 2009. 20(6): p. 1223-1227. 
170. Han, Y., eta!., Synthesis and sintering of nanocrystalline hydroxyapatite powders by citric acid sol-gel 
combustion method. Materials Research Bulletin, 2004. 39(1): p. 25-32. 
171. Lopatin, C., eta!., Hydroxyapatite powders and ihinfilms prepared by a sol-gel technique. Thin Solid 
Films, 1998. 326(1): p. 227-232. 
172. 
173. 
Gutman, E.M., Mechanochemistry of materials. 1998: Cambridge Int Science Publishing. 
Xu, Y., eta!., Hydrothermal conversion of coral into hydroxyapatite. Materials Characterization, 2001. 
47(2): p. 83-87. 
174. Fathi, M. and A. Hanifi, Evaluation and characterization of nanostructure hydroxyapatite powder 
prepared by simple sol-gel method. Materials Letters, 2007. 61(18): p. 3978-3983. 
175. Kim, W., Q. Zhang, and F. Saito, Mechanochemical synthesis of hydroxyapatite from Ca (OH) 2-P205 
and CaO-Ca (OH) 2-P205 mixtures. Journal ofMaterials Science, 2000. 35(21): p. 5401-5405. 
176. Yeong, B., X. Junmin, and J. Wang, Mechanochemical Synthesis of Hydroxyapatite from Calcium Oxide 
and Brushite. Journal of the American Ceramic Society, 2001. 84(2): p. 465-67. 
177. Rhee, S.-H., Synthesis of hydroxyapatite via mechanochemical treatment. Biomaterials, 2002. 23( 4): p. 
1147-1152. 
178. Suchanek, W.L., et a!., Mechanochemical-hydrothermal synthesis of carbonated apatite powders at 
room temperature. Biomaterials, 2002. 23(3): p. 699-710. 
179. Suchanek, W.L., et a!., Preparation of magnesium-substituted hydroxyapatite powders by the 
mechanochemical-hydrothermal method. Biomaterials, 2004. 25(19): p. 4647-4657. 
180. Chen, C.-W., et a!., Synthesis, characterization, and dispersion properties of hydroxyapatite prepared 
by mechanochemical-hydrothermal methods. Journal of Materials Chemistry, 2004. 14(15): p. 2425-
2432. 
181. Rivera, E.M., eta!., Synthesis of hydroxyapatite from eggshells. Materials Letters, 1999. 41(3): p. 128-
134. 
182. Siva RamaKrishna, D., eta!., A novel route for synthesis of nanocrystalline hydroxyapatite from eggshell 
waste. Journal of Materials Science: Materials in Medicine, 2007. 18(9): p. 1735-1743. 
183. Balazsi, C., et al., Preparation of calcium-phosphate bioceramicsfrom natural resources. Journal of the 
European Ceramic Society, 2007. 27(2-3): p. 1601-1606. 
184. Rujitanapanich, S., P. Kumpapan, and P. Wanjanoi, Synthesis of Hydroxyapatite from Oyster Shell via 
Precipitation. EnergyProcedia, 2014. 56(0): p. 112-117. 
185. Lemos, A.F., et al., Hydroxyapatite nano-powders produced hydrothermally from nacreous material. 
Journal of the European Ceramic Society, 2006. 26(16): p. 3639-3646. 
198 
-I 
-I 
186. Kongsri, S., et al., Nanocrystalline hydroxyapatite from fish scale waste: Preparation, characterization 
and application for selenium adsorption in aqueous solution. Chemical Engineering Journal, 2013. 215-
216(0): p. 522-532. 
187. Abeynaike, A., et al., Pyrolysed powdered mussel shells for eutrophication control: effect of particle size 
and powder concentration on the mechanism and extent of phosphate removal. Asia-Pacific Journal of 
Chemical Engineering, 2011. 6(2): p. 231-243. 
188. Barakat, H., Developing a new process to manufacture hydroxyapatite from mussel shells. 2008, The 
University of Auckland. 
189. Jones; M.I., et al., Utilisation ofwaste materia/for environmental applications: calcination ofmussel 
shells for waste water treatment. Advances in Applied Ceramics, 2011. 110(5): p. 280-286. 
190. Marin, F. and G. Luquet, Molluscan shell proteins. Comptes Rendus Palevol, 2004. 3(6,---7): p. 469-492. 
191. Parker, J., et al., A study of the aragonite-calcite transformation using Raman spectroscopy, synchrotron 
powder diffraction and scanning electron microscopy. CrystEngComm, 2010. 12(5): p. 1590-1599. 
192. Barnes, RD., Invertebrate zoology. 5th ed. 1987, Philadelphia: Saunders College Pub. 
193. Soniya, M. and G. Muthuraman, Comparative study between liquid-liquid extraction and bulk liquid 
membrane for the removal and recovery of methylene blue from wastewater. Journal of Industrial and 
Engineering Chemistry, 2015. 30: p. 266-273. 
194. Jafari, S., et al., A comparative study for the removal of methylene blue dye by Nand S modified Ti02 
adsorbents. Journal ofMolecular Liquids, 2015. 207: p. 90-98. 
195. Ali, A.M., Characterisation of Semi-Conductor Zinc Oxide (ZnO) Thin Films as Photocatalysts. 2011, 
The University of Auckland. 
196. Ghaffari, M., et al., Effect of ball milling on the characteristics of nano structure SrFe03 powder for 
photocatalytic degradation of methylene blue under visible light irradiation and its reaction kinetics. 
Catalysis Today, 2011. 161(1): p. 70-77. 
197. Rauf, M.A., et al., Photocatalytic degradation of methylene blue using a mixed catalyst and product 
analysis by LCIMS. Chemical Engineering Journal, 2010. 157(2): p. 373-378. 
198. Pritchard, J.B., R. Walden, and A. Oikari, Dehydroabietic acid, a major anionic contaminant of pulp mill 
effluent, reduces both active p-aminohippurate transport and passive membrane permeability in isolated 
renal membranes. Journal of Pharmacology and Experimental Therapeutics, 1991. 259(1): p. 156-163. 
199. Shi, H., The Photocatalytic Degradation of Dehydroabietic Acid In an Annular Reactor: Comparing 
Between Three Titanium Dioxide Photocatalyst Corifigurations. 2011, The University of Auckland. 
200. Mucci, A. and J.W. Morse, The incorporation of Mg< sup> 2+</sup> and Sr< sup> 2+</sup> into 
calcite overgrowths: influences of growth rate and solution composition. Geochimica et Cosmochimica 
Acta, 1983. 47(2): p. 217-233. 
201. Phillips, D.J. and P.S. Rainbow, Biomonitoring of trace aquatic contaminants. Vol. 37. 1998: Springer. 
202. Rainbow, P.S., Trace metal concentrations in aquatic invertebrates: why and so what? Environmental 
Pollution, 2002. 120(3): p. 497-507. 
203. Bryan, G., Pollution due to heavy metals and their compounds. Marine ecology, 1984. 5(Part 3): p. 1289-
1431. 
199 
204. Shariffuddin, J.H., M.I. Jones, andD.A. Patterson, Greener photocatalysts: Hydroxyapatite derived from 
waste mussel shells for the photocatalytic degradation of a model azo dye wastewater. Chemical 
Engineering Research and Design, 2013. 91(9): p. 1693-1704. 
205. Kuriyavar, S.l., et al., Insights into the formation of hydroxyl ions in calcium carbonate: temperature 
dependent FTIR and molecular modelling studies. Journal of Materials Chemistry, 2000. 10(8): p. 1835-
1840. 
206. Nan, Z., et al., A novel morphology of aragonite and an abnormal polymorph transformation from calcite 
to aragonite with PAM and CTAB as additives. Journal of Colloid and Interface Science, 2008. 317(1): 
p. 77-82. 
207. 
208. 
Galvan-Ruiz, M., et al., Characterization of Calcium Carbonate, Calcium Oxide, and Calcium 
Hydroxide as Starting Point to the Improvement of Lime for Their Use in Construction. Journal of 
Materials in Civil Engineering, 2009. 21(11): p. 694-698. 
Balmain, J., B. Hannoyer, and E. Lopez, Fourier transform infrared spectroscopy (FTIR) and X-rcry 
diffraction analyses of mineral and organic matrix during heating of mother of pearl (nacre) from the 
shell of the mollusc Pinctada maxima. Journal of Biomedical Materials Research, 1999. 48(5): p. 749-
754. 
209. Chateigner, D., C. Hedegaard, and H.R. Wenk, Mollusc shell microstructures and crystallographic 
textures. Journal ofStructural Geology, 2000. 22(11-12): p. 1723-1735. 
210. Addadi, L., et al., Mollusk Shell Formation: A Source of New Concepts for Understanding 
Biomineralization Processes. Chemistry- A European Journal, 2006. 12(4): p. 980-987. 
211. Olson, I. C., et al., Mollusk Shell Nacre Ultrastructure Correlates with Environmental Temperature and 
Pressure. Journal of the American Chemical Society, 2012. 134(17): p. 7351-7358. 
212. Currie, J.A., Characterisation of Mussel and Oyster Shells Undergoing Various Heat Treatments. 2005, 
The University of Auckland. 
213. Wang, L., Study of Lime formation in Pyrolysed Mussel Shells. 2006, The University of Auckland. 
214. Dillon, S., Conversion of shells into value added products. 2010, The University of Auckland. 
215. 
216. 
217. 
Cizer, 6., et al., Phase and morphology evolution of calcium carbonate precipitated by carbonation of 
hydrated lime. Journal of Materials Science, 2012. 47(16): p. 6151-6165. 
L6pez-Arce, P., et al., Influence of relative humidity on the carbonation of calcium hydroxide 
nanoparticles and the formation of calcium carbonate polymorphs. Powder Technology, 2011. 205( 1 ): 
p. 263-269. 
Tai, C.Y. and F.B. Chen, Polymorphism ofCaC03, precipitated in a constant-composition environment. 
AIChE Journal, 1998. 44(8): p. 1790-1798. 
218. Heijnen, W., The morphology of gel grown calcite. Neues Jahrbuch Fur Mineralogie-Monatshefte, 
1985(8): p. 357-371. 
219. Ogino, T., T. Suzuki, and K. Sawada, The formation and transformation mechanism of calcium 
carbonate in water. Geochimica et Cosmochimica Acta, 1987. 51(10): p. 2757-2767. 
220. Dheilly, R.M., J. Tudo, and M. Queneudec, Influence of climatic conditions on the carbonation of 
quicklime. Journal of Materials Engineering and Performance, 1998. 7(6): p. 789-795. 
221. Dheilly, R.M., et al., Influence of storage conditions on the carbonation of powdered Ca(OH)2. 
Construction and Building Materials, 2002. 16(3): p. 155-161. 
200 
-I 
-I 
I 
I 
! 
I 
222. Liao, S., et al., Morphological effects of variant carbonates in biomimetic hydroxyapatite. Materials 
Letters, 2007. 61(17): p. 3624-3628. 
223. Muralithran, G. and S. Rarnesh, The effects ofsintering temperature on the properties of hydroxyapatite. 
Ceramics International, 2000. 26(2): p. 221-230. 
224. Rodriguez-Lorenzo, L.M. and M. Vallet-Regf, Controlled Crystallization of Calcium Phosphate 
Apatites. Chemistry of materials, 2000. 12(8): p. 2460-2465. 
225. Khalid, M., et al., Effect of surfactant and heat treatment on morphology, surface area and crystallinity 
in hydroxyapatite nanocrystals. Ceramics International, 2013. 39(1): p. 39-50. 
) 
226. Cullity, B.D., Elements of X-Ray Diffraction. 1956: Addison-wesley Publishing Company, Inc. 
227. Vignoles, M., et al., Influence of preparation conditions on the composition of type B carbonated 
hydroxyapatite and on the localization of the carbonate ions. Calcified Tissue International, 1988. 43(1): 
p. 33-40. 
228. Nancollas, G.H. and J.A. Budz, Analysis of Particle Size Distribution of Hydroxyapatite Crystallites in 
the Presence of Synthetic and Natural Polymers. Journal of dental research, 1990. 69(1 0): p. 1678-1685. 
229. Tari, G. and J.M.F. Ferreira, Colloidal processing of calcium carbonate. Ceramics International, 1998. 
24(7): p. 527-532. 
230. Cicerone, D.S., A.E. Regazzoni, and M.A. Blesa, Electrokinetic properties of the calcite/water interface 
in the presence of magnesium and organic matter. Journal of Colloid and Interface Science, 1992. 154(2): 
p. 423-433. 
231. Gibson, 1., et al., Effect of powder characteristics on the sinterability of hydroxyapatite powders. Journal 
of Materials Science: Materials in Medicine, 2001. 12(2): p. 163-171. 
232. Patel, N., et al., Calcining influence on the powder properties of hydroxyapatite. Journal of Materials 
Science: Materials in Medicine, 2001. 12(2): p. 181-188. 
233. Lopez, R. and R. Gomez, Band-gap energy estimation from diffuse reflectance measurements on sol-gel 
and commercial Ti02: a comparative study. Journal of Sol-Gel Science and Technology, 2012. 61(1): p. 
1-7. 
234. Zieliilska, B., et al., Photocatalytic degradation of Reactive Black 5: A comparison between Ti02-
Tytanpol All and Ti02-Degussa P25 photocatalysts. Applied Catalysis B: Environmental, 2001. 35(1): 
p. Ll-L7. 
235. Rulis, P., L. Ouyang, and W.Y. Ching, Electronic structure and bonding in calcium apatite crystals: 
Hydroxyapatite, fluorapatite, chlorapatite, and bromapatite. Physical Review B, 2004. 70(15): p. 
155104. 
236. Sun, J.P., et al., Softening of hydroxyapatite by vacancies: A first principles investigation. Materials 
Science and Engineering: C, 20 13. 33(3 ): p, 1109-1115. 
237. Calderfn, L., M.J. Stott, and A. Rubio, Electronic and crystallographic structure of apatites. Physical 
Review B, 2003. 67(13): p. 134106. 
238. Chen, D., F. Li, and A.K. Ray, Effect of mass transfer and catalyst layer thickness on photocatalytic 
reaction. AIChE Journal, 2000. 46(5): p. 1034-1045. 
239. Subramanian, V., P.V. Kamat, and E.E. Wolf, Mass-Transfer and Kinetic Studies during the 
Photocatalytic Degradation of an Azo Dye on Optically Transparent Electrode Thin Film. Industrial & 
Engineering Chemistry Research, 2003. 42(10): p. 2131-2138. 
201 
240. Sinnott, R.K., Coulson & Richardson's Chemical Engineering,Chemical Engineering Design. 1996, 
Elsevier Butterworth-Heinemann: Oxford. p. 426. 
241. Park, S., et a!. , Photocatalytic ZnO nanopowders prepared by solution combustion method for noble 
metal recovery. Journal ofMaterials Science, 2003. 38(22): p. 4493-4497. 
242. Ding, Z., G.Q. Lu, and P.F. Greenfield, Role of the Crystallite Phase of Ti02 in Heterogeneous 
Photocatalysis for Phenol Oxidation in Water. The Journal of Physical Chemistry B, 2000. 104(19): p. 
4815-4820. 
243 . Funakoshi , K. and T. Nonami, Electrochemical Properties of Hydroxyapatite Crystal Surfaces on 
Anatase Photocatalysts. Journal ofthe American Ceramic Society, 2006. 89(3): p. 944-948. 
244 . De Groot, K., Klein, C. , Wolke, J., de Blieck-Hogervorst, J., Chemistry of calcium phosphate 
bioceramics, in Handbook of bioactive ceramics. , L.H. T.Yamamuro, J.Wilson, Editor. 1990, Boca 
Raton, FL: CRC Press. p. 3-16. 
245 . Ferna 'ndez, E. , et a!. , Calcium phosphate bone cements for clinical applications. Part II: Precipitate 
formation during setting reactions. Journal ofMaterials Science: Materials in Medicine, 1999. 10(3): p. 
I77-183. 
246. Dannacher, J. and W. Schlenker, The mechanism of hydrogen peroxide bleaching. Textile chemist and 
colorist, 1996. 28(11 ): p. 24-28. 
247. Patterson, D.A., eta!. , Wet air oxidation of linear alkylbenzene sulfonate I. Effect of temperature and 
pressure. Industrial & Engineering Chemistry Research, 2001. 40(23): p. 5507-5516. 
248. Patterson, D.A. , et a!. , Wet air oxidation of linear alkyl benzene sulfonate 2. Effect of pH Industrial & 
Engineering Chemistry Research, 2001. 40(23): p. 5517-5525. 
249. Mills, A. and J. Wang, Photobleaching of methylene blue sensitised by Ti02: an ambiguous system? 
Journal ofPhotochemistry and Photobiology A: Chemistry, I999. 127(1- 3): p. 123-134. 
250. Yogi , C., et a!. , Photocatalytic degradation of methylene blue by TiO< sub> 2</sub> film and Au 
particles-TiD< sub> 2</sub> compositejilm. Thin Solid Films, 2008 . 516(17): p. 5881-5884. 
25I. Zhang, T. , et a!., Photocatalyzed N-demethylation and degradation of methylene blue in titania 
dispersions exposed to concentrated sunlight. Solar energy materials and solar cells, 2002. 73(3): p. 287-
303 . 
252. Kong, J.-Z., et al. , Photo-degradation of methylene blue using To-doped ZnO nanoparticle. Journal of 
Solid State Chemistry, 2010. 183(6): p. 1359-1364. 
253. Kim, K.-K., et a!. , The grain size effects on the photoluminescence of ZnO/o.-A/203 grown by radio-
fi"equency magnetron sputtering. Journal of Applied Physics, 2000. 87(7): p. 3573-3575. 
254. Ren, W., et a!. , Low temperature preparation and visible light photocataly tic activity of mesoporous 
carbon-doped crystalline Ti02. Applied Catalysis B: Environmental, 2007. 69(3-4): p. 138-144. 
255 . Akiyama, T. , K. Nakamura, and T. Ito, Atomic and electronic structures ofCaCO<span class="aps-
inline-formula ">< math 
xmlns= "http:/!wtvw.w3.org/1998/Math/MathML "><msub><mrow><lmrow><mn>3</mn><lmsub> 
</math><!span> surfaces. Physical Review B, 2011. 84(8): p. 085428. 
256. Baer, D.R. and D.L. Blanchard Jr, Studies of the calcite cleavage surface for comparison with 
calculation. Applied Surface Science, I993. 72(4): p. 295-300. 
257. Brik, M.G., First-principles calculations of structural, electronic, optical and elastic properties of 
magnesite MgC03 and calcite CaC03. Physica B: Condensed Matter, 20 II . 406( 4): p. 1 004-I 0 I2. 
202 
258. Hossain, F.M., et al., Electronic, optical and bonding properties of CaC03 calcite. Solid State 
Communications, 2009. 149(29-30): p. 1201-1203. 
259. Murtaza, G., et al., Structural, electronic and optical properties ofCaxCdl-xO and its conversion from 
semimetal to wide bandgap semiconductor. Computational Materials Science, 2012. 58(0): p. 71-76. 
260. Baltache, H., et al., Full potentia/calculation of structural; electronic and elastic properties of alkaline 
earth oxides MgO, CaO and SrO. Physica B: Condensed Matter, 2004. 344(1--4): p. 334-342. 
261. Whited, R.C., C.J. Flaten, and W.C. Walker, Exciton thermorejlectance of MgO and CaO. Solid State 
Communications, 1973. 13(11): p. 1903-1905. 
262. Seth, U. and R. Chaney, Energy-band structure of calcium-oxide crystals by the method of tight binding. 
Physical Review B, 1975. 12(12): p. 5923. 
263. Vinodgopal, K., et al., Electrochemically Assisted Photocatalysis. 2. The Role of Oxygen and Reaction 
Intermediates in the Degradation of 4-Chlorophenol on Immobilized Ti02 Particulate Films. The 
Journal of Physical Chemistry, 1994. 98(27): p. 6797-6803. 
264. Moonsiri, M., et al., Effects ofPt and Ag on thephotocatalytic degradation of 4-chlorophenol and its by-
products. Chemical Engineering Journal, 2004. 97(2-3): p. 241-248. 
265. Boiarkina, 1., S. Pedron, and D.A. Patterson, An experimental and modelling investigation of the effect 
of the flow regime on the photocatalytic degradation of methylene blue on a thin film coated ultraviolet 
irradiated spinning disc reactor. Applied Catalysis B: Environm:ental, 2011. 110(0): p. 14-24. 
266. Lv, T., et al., Enhanced photocatalytic degradation of methylene blue by ZnO-reduced graphene oxide 
composite synthesized via microwave-assisted reaction. Journal of Alloys and Compounds, 2011. 
509(41): p. 10086-10091. 
267. Xiong, L, et al., Heterogeneousphotocatalysis ofmethylene blue over titanate nanotubes: Effect of 
adsorption. Journal of Colloid and Interface Science, 2011. 356(1): p. 211-216. 
268. Rodriguez - Navarro, C., E. Hansen, and W.S. Ginell, Calcium hydroxide crystal evolution upon aging 
of lime putty. Journal of the American Ceramic Society, 1998. 81(11): p. 3032-3034. 
269. Taylor, D.R., et al., Calcium carbonate in cholesterol gallstones: Polymorphism, distribution, and 
hypotheses about pathogenesis. Hepatology, 1995. 22(2): p, 488-496. 
270. Oster, G. and N. Wotherspoon, Photoreduction of Methylene Blue by Ethylenediaminetetraacetic 
Acidla,b. Journal ofthe American Chemical Society, 1957. 79(18): p. 4836-4838. 
271. Mills, A., et al., Effect of alkali on methylene blue (C. I. Basic Blue 9) and other thiazine dyes. Dyes and 
Pigments, 2011. 88(2): p. 149-155. 
272. Holmes, W. and B. French, The oxidation products of methylene blue. Biotechnic & Histochemistry, 
1926. 1(1): p. 17-26. 
273. Adamcikova, L.u., K. Pavlikova, and P. Sevcik, The Decay of Methylene Blue in Alkaline Solution. 
Reaction Kinetics and Catalysis Letters, 2000. 69(1): p. 91-94. 
274. Itoh, K., Decolorization and Degradation of Methylene Blue by Arthrobacter globiformis. Bulletin of 
Environmental Contamination and Toxicology, 2005. 75(6): p. 1131-1136. 
275. Aziz, A.A., et al., Enhanced magnetic separation and photocatalytic activity of nitrogen doped titania 
photocatalyst supported on strontium ferrite. Journal of Hazardous Materials, 2012. 199--200(0): p. 143-
150. 
203 
276. Dutta, A.K., S.K. Maji, and B. Adhikary, y-Fe203 nanoparticles: An easily recoverable effective photo-
catalyst for the degradation of rose bengal and methylene blue dyes in the waste-water treatment plant. 
Materials Research Bulletin, 2014. 49(0): p. 28-34. 
277. Corin, N.S., P.H. Backlund, and M.A.M. Kulovaara, Photolysis of the Resin Acid Dehydroabietic Acid 
in Water. Environmental Science & Technology, 2000. 34(11): p. 2231-2236. 
278. Peng, G. and J.C. Roberts, Solubility and toxicity of resin acids. Water Research, 2000. 34(10): p. 2779-
2785. 
279. Boiarkina, I., Investigation of a Spinning Disc as a Thin Film Photocatalytic Reactor for the Degradation 
of Recalcitrant Wastewaters, in Chemical and Materials Engineering. 2013, The University of Auckland. 
280. 
281. 
Harding, I.S., N. Rashid, and K.A. Hing, Surface charge and the effect of excess calcium ions on the 
hydroxyapatite surface. Biomateria1s, 2005. 26(34): p. 6818-6826. 
Sivalingam, G., M. Priya, and G. Madras, Kinetics of the photodegradation of substituted phenols by 
solution combustion synthesized TiO< sub> 2</sub>. Applied Catalysis B: Environmental, 2004. 51(1): 
p.67-76. 
282. McCullagh, C., et al., Photocatalytic reactors for environmental remediation: a review. Journal of 
Chemical Technology & Biotechnology, 2011. 86(8): p. 1002-1017. 
283. Boiarkina, I., S. Norris, and D.A. Patterson, The case for the photocatalytic spinning disc reactor as a 
process intensification technology: Comparison to an annular reactor for the degradation of methylene 
blue. Chemical Engineering Journal, 2013. 225(0): p. 752-765. 
284. Serpone, N., Relative photonic efficiencies and quantum yields in heterogeneous photocatalysis. Journal 
ofPhotochemistry and Photobiology A: Chemistry, 1997. 104(1-3): p. 1-12. 
204 
I 
I 
-I 
